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ABSTRACT
,
The 1990 Amendments to the Clean Air Act require electric utilities to
measure the mass flow rate of flue gas in the exhaust stack. Utilities trY to
minimize the costs of compliance strategies. This goal however, can only be
reached provided accurate measurements of the mass flow rate are made.
A laboratory model of an exhaust stack was designed to produce flows
similar to those in an actual stack. Two inlets were used: a radial inlet which
produces predominantly axial flows and a tangential inlet ·which produces high
secondary flows. There are two problems that exist in achieving high
measurement accuracy. The standard S-Probe required by EPA for reference
measurements is suspected to overestimate the mass flow rate and the error
associated with the S-Probe increases due to the presence of large secondary
flows. This study investigated two aspects of the problem. Measurements were
made to determine if a reduction in secondary velocities would occur with the
use of a flow straightener. The second investigation was to determine the
measurement accuracy of the standard S-Probe subjected to various flow
conditions.
The results show that the flow straightener reduced the tangential velocity
component from 57.4% to 0.8% of the axial velocity, and radial flow from 18.2%
to 5.8%Wfth the tangential inlet. However, when the radial inlet was used, the
tangential velocities were reduced from 6.1 % to 1.5% of the axial velocity while
the radial velocities remained unchanged.
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Suspicion that the S-Probe overestimates the mass flow rate was
confirmed. Compared to the 3D-Probe, the S-Probe was 5 to 7 percent high with
low secondary velocities present and 20 to 25 percent high with high swirl
velocity components present in the duct.
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Chapter 1
INTRODUCTION
The 1990 Amendments to the Clean Air Act require electric utilities to
measure the mass flow rate of flue gas in the exhaust stack. The accuracy of
this measurement is important because it will determine whether or not the utility
is in compliance with the regulations. In the event that the regulations are not
met, the utility may have to purchase pollution allowance credits which will affect
them financially. It is therefore essential to use techniques that yield realistic
results.
There is a suspicion that the techniques used today are inaccurately
measuring the mass flow rate. The reference method required by EPA, the S-
Probe, is believed to overestimate the mass flow rate. As a result, utilities may
be reducing emissions in amounts in excess of what is needed. It is, therefore,
crucial to determine the measurement accuracy of the S-Probe.
In an exhaust stack, three dimensional flow patterns exist. The mass flow
rate is determined by the axial component of the fluid velocity. However, in
addition, tangential and radial components of velocity (the secondary flows) are
,.
also present. Many types of velocity probes become increasingly inaccurate as
the magnitude of the secondary velocities increases. In this case, flow
straighteners can be used to reduce the magnitude of the secondary flows and
thereby improve measurement accuracy.
This study involves a laboratory investigation of the flow patterns within a
scale model of a power plant stack. Measurements are made on the effect of
type of inlet duct 0n the flow patterns. The effect of secondary flow patterns on
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)the accuracy of the S ~ Probe is determined. Finally, measurements are made of
the effect of the Vortab flow straightener on the velocity profiles and of the
measurement accuracy of the S - Probe.
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Chapter 2
EQUIPMENT, INSTRUMENTATION, AND EXPERIMENTAL PROCEDURES
LABORATORY APPARATUS
A laboratory model of a typical exhaust stack was developed to study the
mass flow rate measurement problem. In order to model the actual flow in the
stack, flow similarity must exist between the actual stack and the laboratory
apparatus. The approach used is to achieve flow similarity through matching the
Reynolds numbers. In this model, a fan forces ambient air through a circular
duct with dimensions that allow the Reynolds Number to fall in the range of the
actual stack. The Reynolds Number is calculated as follows:
~/
V
D
=
=
VDRe =-
y
Kinematic Viscosity [ :2]
Axial Velocity [:]
Diameter of duct [m]
(1 )
The diameter of the model stack is 0.457 m. The flow velocities are in the
30 m/s range and the air is at ambient conditions. This yields--values of the
Reynolds numbers of the order of 5.5xi0 5 to tOxi0G• The overall model is
shown in Figure 1 below. Figure 1 shows an elevation view of the model. Ports
1 through 6 are labeled with the distance and their number of diameters
downstream from the inlet. Each port indicates the location where
---
measurements were taken. The total length of the circular duct is 12 meters to
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Horizontal~~
. ·V . I Air In from fan
ertlca Top View
6 10.12 22.20
5 8.23 18.00
4 6.31 13.80
3 4.42 9.67
2 2.90 6.33
1 1.39 3.04
~ Inlet section
(in dark gray)
Circular
Duct
(Stack)
Air Out
Port L (m) UD
<
Rectangular
Duct
Elevation View
Air In from fan
Figure 1: Dimensions of Laboratory Model with Radial Inlet Duct
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allow for fully developed flow.
The inlet to the stack is rectangularly shaped, with an aspect ratio of 2:1,
and a cross sectional area equal to the area of the circular stack. This closely
resembles a typical stack geometry. Under these geometrical constraints, the
dimensions of the inlet duct become 0.573 m by 0.286 m. The length of th'e inlet
section from the fan to the stack inlet is 6 meters. A radial type inlet is shown in
Figure 1. A second type of inlet was also tested. The tangential inlet induces
swirl, or tangential velocity to the flow as the air is introduced to the circular
section (see Figure 2) [4].
Horizontal~ <:
I Vertical
Top View
Figure 2: Tangential Inlet
Air In
The cross sectional dimensions of the tangential inlet are the same as the radial
inlet duct.
The inlet duct is connected directly to the fan exhaust. The fan was
manufactured by Cincinnati Fan and Ventilator Company, Inc. Its model number
is HDBI-240. This fan is capable of producing a pressure head of 0.381 meters
of water and a volumetric flow rate of 293 cubic meters per minute. It is a
centripetal fan which operates at 29.828 kW and 2500 RPM. Since the speed of
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the fan is constant, the flow rate is controlled by an inlet guide vane which can
be set at 7 distinct settings to, yield Reynolds Numbers in the range of
approximately 2.0 x 105 to 1.7 x 106 •
INSTRUMENTATION
Three Dimehsional Probe
To determine the mass flow rate of a gas within a duct, a dynamic
pressure must be measured at discrete points over the duct cross section. From
dynamic pressure, mass flow rate can be calculated.
There are several probes that measure the dynamic pressure of flow.
The standard pitot tube, for instance, measures the dynamic pressure in only
one dimension. However, a truly one dimensional flow is rare. Therefore, a
multi-dimensional probe is necessary to accurately measure complicated flows.
A three dimensional probe was used for the measurements performed in this
laboratory investigation [1,11]. This probe was manufactured by the United
Sensors Division of United Electric Controls Company. Its model number is OA-
t\.-
125-24-F-22-CD and its serial number is 8-2645. The probe is 0.61 m in length
and 0.0064 m in diameter [8].
The probe is capable of sensing the dynamic pressure and its orientation
described by two angles; the yaw (a) and pitch (~). The design of the 3D-Probe
is shown below in Figure 3 which is duplicated from reference [2]. Here, there
are 5 holes serving as pressure taps on the probe tip represented with numbers
1 through 5. Once the probe is in the flow, it is rotated so that it is oriented in the
direction of the flow. The angle of rotation is the yaw angle. The probe is
properly oriented when the pressures at holes 2 and 3 are equal [6]. Figure 4
shows the rotation of the probe to orient it with the flow direction.
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Section A-A
Prob~Shaft
Top View
~A
~ p4 ~35~~~::)L.. _
Side View
Figure 3: Design of Three Dimensional Probe
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Figure 4: Orientation of 3D-Probe in a Flow
Figure 4A shows the probe oriented axially. Figure 48 shows the proper
orientation of the probe with a yaw angle of a. When the probe is properly
oriented, the dynamic pressure can be measured. The dynamic pressure is the
total pressure less the static pressure. On the probe, the total pressure tap is
hole 1 and the static pressure tap is hole 2.
The pitch angle is determined by the differences in pressures measured
from holes 4 and 5. Since the probe cannot be rotated into the direction of the
flow on the pitch plane, a calibration curve is used. The calibration curve for the
3D-Probe used in the following experiments is duplicated in Figure 5. [5]
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Figure 58: Calibration Curve for 3D-Probe to Determine VPC
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P -PThe pitch angle is found using Figure 5A. The ratio 4 5 , is located on the y-
P1 -P2
axis. Follow this value across until the curve is reached. At this point, the pitch
angle can be read along the x-axis. Once the pitch angle is found, the Velocity
Pressure Coefficient (VPC) can be determined from Figure 58. The VPC is
multiplied with the dynamic pressure and this adjusted dynamic pressure
/'
I
accounts for the effect of the pitch angle on the dynamic pressure.
(2)
where,
Pdyn dynamic pressure [PaJ
P1 total pressure [Pal
P2 static pressure [Pal
Vr resultant velocity [m/s]
Now that the measurements are complete, the three components of
velocity can be found; the axial (Vz), radial (Vr ), and tangential (Va). The
equations used to find the velocity components are listed below. For further
details, refer to section entitled Mass Flow Rate in Chapter 5.
Vz == Vr ·cosa·cos~
Vr == Vr ·sin~
Va == Vr ·sina·cos~
(3)
(4)
(5)
Figure 6 below, shows the velocity components along the cylindrical axes in the
positive orientation and the angles.
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~ - .. ---- -- --- . .
Probe
Direction
of flow
Probe
Probe
Figure 6: 3-Dimensional Probe Orientation in Circular Duct
Now that the proper use of this probe is described, it is important to
determine how repeatable it is. To check for repeatability, two traverses were
made. Figures 7 and 8 show the velocity profiles for the axial,~tang~ntial, and
radial components of velocity. Table 1 shows the mass flow rates and its
standard deviation which is a measure of the repeatability for a complete set of
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Figure 7: Horizontal Velocity Profiles for Repeatability
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Figure 8: Vertical Velocity Profiles for Repeatability
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Mass Mass Average
Flow Flow Mass
Rate Rate Flow Standard Percent
Trial #1 Trial #2 Rate Deviation Difference
horizontal 6.218 6.386 6.302 0.119 1.885
vertical 7.460 7.256 7.358 0.144 1.960
total I 6.839 ~~ 6.821 6.830 0.013 0.186
I
Table 1: Repeatability of Three Dimensional Probe
(Radial Inlet, Re =7.00 E5,port 1)
traverses at port 1. The column for percent difference is simply the standard
deviation divided by the average mass flow rate. Since the percent differences
are all less than 2% of the mass flow rate, then repeatability for the 3D-Probe is
excellent.
Positioning Device for 3D-Probe
Velocity profiles are dependent on the accuracy with which the probe is
positioned in the duct. The device used here holds the probe in position during
sampling. It allows for both diametrical and angular positioning. The probe tip
can be located within ±2.54 x 10-5 m and the angle can be found within 10 •
United Electric Controls Company's Sensor Division manufactured the
positioning device [8]. It is called a manual traverse unit. The model number is
C1000-24. This traverse unit can accommodate a probe 0.61 m in length and
0.0064 m in diameter.
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S-Probe
The S-Probe is specified by EPA as the reference to be used when
calibrating flow mO~~!9rs. Like the standard pitot tube, the S-Probe is only
capable of determining the dynamic flow in the direction of its sensing head.
The complete design of the S-Probe is found in reference [10] with its
tolerances specified. The general design of the S-Probe is shown in Figure 9.
The S-Probe is constructed of tubing 0.0048 m in diameter.
Negative
r>A
Head 0.007 m
~: ~ ~---34 ~A 0.007 m
Inclined
Manometer
~! Diameter- - . 0.0048 m- -I .
I
Section A-A
Direction
of Flow
Impact
Head
Figure 9: Design of S-Probe
Like the 3D-Probe, the S-Probe must be oriented in the direction of the
flow. The procedure for alignment is illustrated in Figure 10. In this figure, (10A)
shows the orientation of the probe where the pressures are balanced. Balanced
pressures happen when the probe is perpendicular to the flow. The manometer
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Jwill read zero at this point. The probe is then rotated back by 90 degrees and
the total pressure is measured (Figure 1DB).
To calibrate the S-Probe, a constant Velocity Pressure Coefficient is used
and has the value of 0.84 [10]. This VPC is multiplied by the total pressure
measured by the S-Probe to determine the actual dynamic pressure.
p. = P
I n
A
Direction
of Flow
p. - P
J n
B
measured
total
pressure
Figure 10: Orientation of S-Probe with the Flow
pV/ =VPC.(p _p)2 I n
Where
(6)
=
=
Dynamic Pressure
Axial Velocity
Density
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Then the axial velocity component is determined from the previous equation and
is substituted into the following equation to determine the mass flow rate.
(7)
The uncertainty of measurement results from the scale of the manometer
used as well as the angular and diametrical positioning scale. The effects of
inaccurately positioning the probe along the diameter cannot be determined.
However, the manometer can measure to within ±2.54 x 10-5 m and the angle
can be read to within ±5°.
The S-Probe was checked for repeatability by sampling the pressure at a
particular point three times. The pressures are converted into velocities for
comparison. Table 2 shows the results for the repeatability tests for various
configurations. The average standard deviation for all configurations is ±O.219
and the average percent difference is 0.67%. The percent difference is the
standard deviation over the average axial velocity.
Manometers
For the 3D-Probe, three manometers were used, all manufactured by
Dwyer Inc. The 3D-Probe was attached to these manometers to measure three
pressure differences; P1 -P2' P4 -P5 , and P3 -P2. The numbered subscripts
correspond to the holes on the probe tip as defined in the previous section
entitled Three Dimensional Probe. The manometer arrangement is shown in
Figure 11 below.
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Average
Inlet Velocity Standard Percent
Port Type Vortab (m/s) Deviation Difference
2 tan no 35.162 0.287 0.82%
5 tan yes 33.722 0.259 0.77%
5 tan no 35.901 0.141 0.39%
5 rad no 27.000 0.187 0.69%
Average = 0.219 0.67%
Table 2: Repeatability for S,,:Probe
3D-Probe
Stack
1
2
3
4
5
Inclined Manometer
Manometer
I
Inclined
Manometer
Figure 11: Manometers Used for Measuring Pressure Differences for 3-D
Probe
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To measure P4 -Ps ' a 0.0254 m inclined manometer was used with scale
divisions equal to 2.54 x 10-4 m of water. This manometer was capable of
measuring a pressure drop within one half of a division or ±1.27 x 10-4. P1 - P2
was measured by amanometer capable of measuring a total pressure difference
of 0.203 m of water. Pressure differences less than 0.051 m of water were
measured on an inclined scale to within one half of a division or ±1. 27 x 10-4 m of
water. For pressure differences greater than 0.051 m of water and less than
0.203 m of water, a verti.cal scale was used to make measurements. This
measurement could be made within one half of a division ±1.27x10-3 m of water.
P3 - P2 was measured by a standard U-tube manometer to within ±1. 27 x 10-3 m
of water.
The uncertainty in velocity and mass flow rate measurements is strongly
influenced by the pressure drop measurement. It is therefore necessary to
demonstrate how this measurement affects the velocity and mass flow rate. To
begin the analysis, one traverse was randomly chosen for analysis. For each
point along the traverse, the pressure measured was both increased and
decreased by the amount of one half of a division on the scale of the
manometer. The three velocity components and the mass flow rate were
computed using the three sets of pressure measurements above. A simple
average of the magnitudes of the velocities were taken for the three sets of data.
The standard deviation was then calculated. The results of this analysis are
found in Table 3 below. For a complete error analysis of the 3D-Probe, see
reference [7].
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Mass Average Average Average
Flow Axial Radial Tangential
Rate Velocity Velocity Velocity
(kg/s) (m/s) (m/s) (m/s)
Average 4.519 23.098 4.039 12.058
Standard
Deviation 0.007 0·034 0.006 0.017
Percent (%)
Difference 0.15 0.15 0.15 0.14
Table 3: Uncertainty in Measurements with 3D - Probe
(tangential inlet, Re =5.00 E5, Port 5, horizontal traverse)
FLOW STRAIGHTENER
A flow straightener is a device used to reduce a three dimensional flow to
nearly a one dimensional flow. In stacks, the axial velocity is the dominant
component, however, strong tangential and radial velocity components can also
exist.
A flow straightener designed by Vortab Inc. and manufactured by HT.
Lyons was tested in the laboratory stack model. This Vortab straightener was
inserted into the circular duct immediately after the inlet. The dimensions and
design provided by Vortab Inc. are shown in Figures 12 and 13.
There are a total of three stages in this particular flow straightener. The
first stage reduces the tangential components with swirl tabs. The second and
third stages are identical and reduce the radial flows with mixing tabs. The
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stages are illustrated in the figures below. Figure 12 shows the swirl tab stage of
the Vortab.
45deg
swirl
tabs
0.105 m
>
flow
swirl
tabs
diameter
0.457 m
0.025 m
~ k-J ~ 0.051 m
0.229 m
Side View Top View
Figure 12: Design and Dimensions of Swirl Tab Stage of Vortab
There are a total of eight swirl tabs located around the duct at intervals of
45°. This stage is located closest to the inlet followed by the mixing stages.
The mixing stages are shown in Figure 13. There are a total of four
mixing tabs per section. Each tab is oriented at 30° from the wall of the duct.
The top view shows how the mixing tabs reduce the cross sectional area which
has unknown effects on the flow.
Figure 14 shows the placement of the Vortab in the laboratory model.
Only a portion of the stack and inlet are shown in order to ProVi~ details for the
Vortab.
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~--w
Stage 2
>~ flowu·--------
30deg
0.457 m
Side View
Stage 3
0.114 m
mixing
tabs
Top View
Figure 13: Design and Dimensions of Mixing Stages of Vortab
The Vortab can easily be inserted or removed from the flow. When removed, a
duct section of the same length takes its place.
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First measuring
port
Stage 3 - mixing
Stage 2 - mixing
Stage 1 - swirl
Circular
Duct
(stack)
0.152 m (dimensions in meters)
Vortab
(in white
& black)
<
Air in from Fan
Rectangular
Duct
Figure 14: Placement of Vortab in Ductwork
Page 25
Chapter 3
DATA COLLECTION
EPA METHOD 1
The goal of EPA Method 1 is to approximate the mass flow rate through a
"'./c
duct as accurately as possible. This method is based on separating the cross
sectional area of the duct into individual sections with equal areas. Each area
segment contains a point at which the dynamic pressure can be measured.
When dynamic pressures are converted into velocities, the mass flow rate can
be calculated. The calculation is simplified when equal area segments are used.
The following equation is for mass flow rate,
where,
ri1
P
/).A
Vz
mass flow rate [kg/s]
density of gas in duct [kg/m2 ]
area of segment [m 2 ]
axial velocity [m/s].
(8)
Since all /).A are equal, the mass flow rate becomes
(9)
where,
i
n
segment
number of segments.
The area of these segments can be found by the simple calculations
below. In the example shown, an 8 point traverse along the diameter of the duct
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is used for illustration only, but any number of points can be used in practice
(see Figure 15).
Xn for even n are the radii of the area segments.
xn for odd n are the positions of the sampling points.
Figure 15: Location of Sampling Points Along the Diameter
For the 0.229m radius duct used in these experiments, the total area
becomes
A=x 0
21t=0.229m2 ·1t=0.164m2 • (10)
Since there are 8 area segments across the diameter, the segment area
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becomes:
M= A = O.164m
2
=O.0205m.
8 8
(11 )
In order to determine the location of the sampling points, each of these
segments is divided into two equal parts. The concentric circle that divides the
segment will be the radius equal to that of the sampling point. These points, as
stated before, are xn for odd n. The radius for each of these xn for odd n, are
found by calculating the area between two concentric circles and equating that
with the area of i flA.
(12)
Since Xo is known, x1 can be found.
For subsequent sampling points,
(13)
n = 1,2,3,... ,8 (14)
where, xB is the center point. Table 4 provides the results of the calculations for
the locations of measuring points. The column titled "Percent Diameter" is found
by the following calculation:
0/ d· _ xn/ola.--
dia.
for odd n (15)
'.
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Measuring Distance from Percent
Point Port (m) Diameter
x1 0.00147 3.23
x3 0.04775 10.47
xs 0.08864 19.38
x7 0.14783 32.32
Table 4: Location of Sampling Points Across the Diameter
The calculated values match precisely with the numbers listed in EPA Method 1
[9].
There is an advantage in sampling points at these locations. More
measurements should be taken at locations where the flow changes rapidly with
position. The flow is zero at the walls of the stack and reaches 80 to 90% of
maximum velocity not far from the wall. It is important to sample more points
near the wall than it is to sample points near the center where velocities are very
near maximum.
LOCATION OF SAMPLING llJAVERSES DOWNSTREAM FROM THE INLET
It is also important to perform measurements at various locations
downstream from the inlet. After the air flows through the rectangular duct, it
experiences a radical change in direction and cross sectional shape due to the
inlet. After any disruption like this, the flow will be developing.
Tests may be performed near such a disruption or far downstream where
the flow becomes developed. As described in the laboratory apparatus section,
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sampling ports are built into the test section. Table 5 summarizes these
locations.
Distance Diameters
Port from Inlet from Inlet
Duct Duct
(m)
1 1.39 3.04
2 2.90 6.33
3 4.42 9.67
4 6.31 13.80
5 8.23 18.00
6 10.12 22.20
Table 5: Location of Sampling Ports Downstream from the Inlet
It is important to note that the measuring ports are at the same locations both
with and without the Vortab. The Vortab and the duct section immediately after
the inlet were made to be the same length.
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Chapter 4
CALCULATIONS
MASS FLOW RATE
The mass flow rate of the air through the ductwork was calculated using
the following equation:
(16)
The density and the cross sectional area segments are known and are assumed
constant across the traverse. The velocity is the only variable left to find.
The velocity was found by measuring the dynamic pressure at each point.
This dynamic pressure was converted into velocity. When all velocities are
plotted against the position, a velocity profile is obtained. Velocity profiles are
helpfUl in visualizing the flow and in determining the mass flow rate.
Since all !J.A are equal, the mass flow rate becomes the sum of the
velocities across the traverse. The dynamic pressure is described as the
following:
where,
Pdyn = dynamic pressure [PaJ
PI total pressure [PaJ
Ps static pressure [Pal
VT resultant velocity [m/s]
(17)
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However, Pdyn is measured in meters of water. This is converted into Pa by the
following conversion:
P1 m of H20 = PH20 . g. h
P1mofH20 =1000~~ ·9.801~ ·1m
P1mof H20 = 9801 Pa
(18)
(19)
(20)
Solve for the velocity using equation (17) which reduces to the following:
~'P 2·P [PalV = dyn = dyn = 1.287 .~p [PalT 1208~ dyn, Pair . m'
The density of air is constant at 1.208 k~ for a temperature of 21°C.
m
(21 )
Once the velocity is found at each point, it can then be substituted into the
equation for mass flow rate (16).
When a 3D-Probe is used to measure the dynamic pressure, the yaw and
pitch angles must be considered. The pressure difference, P1- P2 is measured
but must be converted into the dynamic pressure. This can be accomplished by
also measuring P4 - Ps . These two measurements along with calibration data will
provide the pitch angle and a velocity pressure coefficient (VPC) (see section
Three Dimensional Probe). The VPC accounts for the pitch angle and is
multiplied with P1- P2 . This yields the dynamic pressure and can be substituted
into the equation for determining the velocity.
When there is three dimensional flow, the components of velocity
become:
Vz = VT ·cosa·cos~
Vr = VT ·sin~
Va = VT ·sina·cos~
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(22)
(23)
(24)
Vt is the total velocity calculated from the dynamic pressure. The axial velocity is
then used in correlation with the mass flow rate equation to determine the mass
flow rate in the stack.
REYNOLDS NUMBER (/
The Reynolds Number in the stack can be determined from the average
axial velocity. The following formula defines the Reynolds Number:
Where average axial velocity [m/s]
(25)
D == diameter of duct [m]
~ kinematic viscosity [ :']
m2At 21 DC, 'Y is 16.22 x 10--6 -. The diameter of the duct is constant at 0.457 m.
s
Therefore, the Re becomes:
Re
RESULTANT ANGLE
28,175 .Vavg (26)
The EPA requires that the resultant angle (RA) be calculated for each run.
If the angle is less than 200 and its standard deviation is less than 100 , EPA
indicates that the traverse is acceptable [9]. For each point sampled, i, across a
traverse, the resultant angle can be calculated based on the yaw (a) and pitch
(~) angles.
(27)
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The average resultant angle is the simple average of the resultant angles at
each point:
n
IRA,
RA = -,-1=-,--1_
n
where n are the number of sampling points.
The standard deviation of the RA is calculated as follows:
i(RA,-RAt
1=1
n-1
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(28)
(29)
TEST 1:
Chapter 5
EFFECT OF FLOW STRAIGHTENER ON VELOCITY PROFILES
The flow inside an exhaust stack is three dimensional. The mass flow
rate depends only on the axial velocity component. Both, the radial and
tangential components only complicate the techniques used to measure the axial
flow component. Some stacks, have more non-axial flow than others, depending
on inlet conditions. If the flow could be altered by a flow straightening device, it
is believed that the accuracy of the mass flow rate measurement would increase.
The goal of this series of laboratory tests was to determine the ability of a flow
straightening device, made by Vortab Inc., to reduce the radial and tangential
velocity components.
The Vortab testing consisted of two parts. The first part studied the
effects of the Vortab on the flows under conditions with high secondary velocity
components established by the tangential inlet. The second part investigated
the effects of the Vortab on the flow patterns where low secondary flow
conditions exist (i.e.- those that exist with the radial inlet).
VORTAB'S ABILITY TO REDUCE HIGH SECONDARY FLOW
COMPONENTS
Two traverses were made at a Reynolds number of approximately 7 x 105
at sampling locations 9.67 diameters (port 3) and 18 diameters (port 5)
downstream from the inlet. A third set of measurements was made at port 5 for
a higher Reynolds number of 9 x 105 •
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Velocity profiles for the three traverses are shown in Figures 16 through
21. In all of these graphs, the Vortab successfully reduced the radial and
tangential flows. The Vortab also had an effect on the shape of the axial velocity
profiles, especially in the locations across the diameter where the secondary
velocities were highest without the Vortab. The Reynolds number did not have a
visible effect on the performance of the Vortab.
The ratio of secondary velocities to the average axial velocity was used to
quantify the reduction of secondary flows. When this analysis was made for a
complete set of traverses (which includes both horizontal and vertical traverses)
at a particular location downstream of the inlet, 32 data points were sampled.
Since equal areas exist for each sampling point, simple averages can be
used in order to make comparisons. In particular, Table 6 shows the results of
the analyses made. The average yaw and pitch angles were determined using
the following equation:
Where, K
i
n
ex or ~
sampling point
number of sampling points.
(30)
The average radial and tangential velocities were found also using equation (30)
where K = Vr or Va' The ratios of average radial and tangential velocities to the
average axial velocities were also made using equation (30) where K =
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Figure 16: Horizontal Velocity Profile with and without Vortab at Port 3
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Velocity Profile
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Figure 17: Vertical Velocity Profile with and without Vortab at Port 3
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Velocity Profile
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Figure 18: Horizontal Velocity Profile with and without Vortab at Port 5
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Velocity Profile
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Figure 19: Vertical Velocity Profile with and without Vortab at Port 5
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Velocity Profile
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Figure 20: Horizontal Velocity Profile with and without Vortab at Port 5
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Figure 21: Vertical Velocity Profile with and without Vortab at Port 5
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Zl P
Average Average Average Average Average Average Average
Tangential Yaw Pitch Resultant Standard Mass Flow Radial Tangential Radial! Tangential/
Inlet Angle Angle Angle Deviation Rate Velocity Velocity Axial Vel. Axial Vel.
(degrees) (degrees) (degrees) (of R.A.) (kgls) (m/s) (m/s) (%) (%)
"
Port 3 (wlo Vortab) 32.781 10.226 35.624 13.715 4.53~ 4.884 14.825 2-1.076 63.970
(Re =7.0 E5) (wI Vortab) 0.688 2.121 2.496. 3.428 4.354 0.754 0.265 3.391 1.192
Port 5 (wlo Vortab) 27.813 9.945 32.089 13.604 4.437 4.104 12.172 18.094 53.668
(Re =7.0 E5) (wI Voptab) 0.406 3.703 3.864 2.686 4.184 1.452 0.103 6.790 0.483
Port 5 (wlo Vortab) 28.750 8.465 31.297 12.169 5.910 4.709 16.519 15.594 54.698
.""'0 I (Re =9.0 E5) (wI Vortab) 0.281 4.660 4.702 2.855 5.514 2.020 0.185 7.168 0.658
m(Q
CD
~
w
Table 6: Reduction of secondary Velocities at Ports 3 & 5
(3D-Probe used with and without Vortab)
-~._--------~----------------
Table 6 shows the results of the testing performed with and without the
Vortab. The Vortab reduces the secondary flows considerably. This is evident
~n the table. The resultant angle is reduced by the Vortab to nearly 1/10 of the
original resultant angle without the Vortab. The average radial and tangential
velocities were reduced to 1/7 and 1/100 respectively with the addition of the
Vortab. The ratios of average radial and tangential velocities to the average
axial velocity were reduced to 1/4 and 1/60 with the Vortab.
It is important to note that the Vortab reduces the resultant angle from 33
degrees to 3.678 degrees. Without the Vortab, the tests are unacceptable
according to the EPA Regulation, however, when the Vortab is used, the
resultant angle is in compliance with the regulations.
Table 7 summarizes the average reduction of secondary velocities for all
tests performed. The values in the table are the simple average of the values in
Table 6 for each of the three tests run.
Tangential
Inlet
Average Radial Velocity
Average Tangential Velocity
Average Radial/Axial Velocity
Average Tangential/Axial Velocity
Without
Flow
Straightener
4.566
14.505
18.254
57.445
With
Flow
Straightener
1.409
0.184
5.783
0.778
Table 7: Summary of Reduction of Secondary Velocities at Ports 3 & 5
(3D-Probe used with and without Vortab)
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The overall effectiveness of the Vortab in reducing the secondary flows is
excellent. In all cases studied, the tangential velocities were higher than the
radial velocities. However, both velocities were reduced equally as well.
The measured mass flow rate was reduced by 5.3% when the Vortab was
inserted into the flow loop. It is possible that the 3D-Probe measures
inaccurately in the presence of large secondary flows. It is also possible that the
Vortab changed the mass flow rate in the duct system by increasing the flow
resistance of the duct. However, the reason for differences of mass flow rates
with and without the flow straightener is uncertain.
TEST 2: EFFECTS OFVORTAB ON VELOCITY PROFILES FOR LOW
SECONDARY FLOWS
In this part of the study, the radial inlet was used. This inlet duct
configuration produces relatively small secondary flows compared to the
tangential inlet. Measurements were taken at 6.33 diameters from the inlet and
at 0.152 m from the end of the Vortab for Reynolds numbers of 7 x105 and
9 x 105 •
Velocity profiles for the two tests are shown in Figures 22 through 25.
Here, the tangential velocities appear to decrease with the addition of the Vortab
and the radial velocities appear to be unchanged. The Vortab also had an effect
on the shape of the axial velocity profiles.
Table 8 shows the results of the analysis. The techniques for analyzing
the data are the same as those used in Test 1, as described earlier in Chapter 5.
The resultant angle is reduced by the Vortab to 4/5 of the resultant angle
(without the Vortab). The average radial velocities did not show signs of
reduction when the Vortab was inserted. However, the average tangential
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Average Aven!1ge ~Average Average Average Average
Radial
(
TangentiallYaw Pitch Resultant Standard Mass Flow J Radial Tangential Radial!
Inlet Angle Angle Angle Deviation Rate Velocity Velocity Axial Vel. Axial Vel.
(degrees) (degrees) (degrees) (of RA) (kg/s) (m/s) (m/s) (%) (%)
Port 2 (w/o Vortab) 3.656 2.906 5.108 3.646 4.843 1.167 1.529 4.715 6.176
(Re = 7.0 E5) (wI Vortab) 0.969 3.746 4.012 3.417 4.503 1.430 0.395 6.213 1.716
Port 2 (w/o Vortab) 3.719 2.566 4.739 3.107 6.766 1.450 2.146 4.192 6.207
(Re = 9.0 E5) .(wl Vortab) 0.719 2.572 2.841 2.813 5.985 1.318 0.394 4.307 1.288
-----
Table 8: Reduction of secondary Velocities at Port 2
(3D-Probe used with and without Vortab)
velocities were reduced to 1/4 of the average tangential velocities without the
Vortab. No noticeable change occurred in the ratio of average radial velocity to
average axial velocity. The average tangential to average axial velocities were
reduced to nearly 1/3 without the Vortab. The measured mass flow rate appears
to be reduced by 9.7%.
Table 9 summarizes the results of the analysis made. As in Test 1 in
Chapter 5, the values in this table are the average values of the tests run for
Test 2.
Radial
Inlet
Average Radial Velocity
Average Tangential Velocity
Average RadiaVAxial Velocity
Average Tangential/Axial Velocity
Without
Flow
Straightener
1.309
1.838
4.453
6.191
With
Flow
Straightener
1.374
0.395
5.260
1.501
Table 9: Summary of Reduction of Secondary Velocity at Port 2
(3D-Probe used with and without Vortab)
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Figure 22: Horizontal Velocity Profile with and without Vortab at Port 2
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Figure 23: Vertical Velocity Profile with and without Vortab at Port 2
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Figure 24: Horizontal Velocity Profile with and without Vortab at Port 2
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Figure 25: Vertical Velocity Profile with and without Vortab at Port 2
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Chapter 6
TESTING WITH S-PROBE
The EPA requires that utilities use an S-Probe to measure mass flow
rates in their exhaust stacks. If this probe is inaccurate, unnecessary capacity
for pollution control will be installed. Since it is suspected that the S-Probe
overestimates the mass flow rate (based on the more accurate three
dimensional probe), utilities may be penalized by being required to reduce
emissions to below the levels required by law. A series of tests was performed
in the laboratory to determine -whether or not the S-Probe overestimates mass
flow rate.
TEST 1: THE PERFORMANCE OF THE S-PROBE COMPARED TO THE
3D-PROBE
A series of three tests was performed at 18 diameters (port 5)
downstream from the inlet. Both the radial and tangential inlets were used to
study situations where secondary flows are negligible and where secondary
flows are large. The Reynolds Number averaged approximately 7 x 105 . Eight
point traverses across the diameter were made with both probes.
The velocity profiles for one of the sets of traverses for the radial inlet are
shown in Figure 26, and the profile for the tangential inlet is given in Figure 27.
These figures show the velocity profiles in the horizontal and vertical planes. On
each graph, the velocity profiles of both the S-Probe and 3D-Probe are shown to
help visualize the flow. It is evident that the S-Probe readings are much higher
than the 3D-Probe. Table 10 provides a summary of the data comparing the S-
Probe with the 3D-Probe.
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Figure 26: S-Probe vs. 3D-Probe Axial Velocity Profiles with Radial Inlet at
Port 5
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Measured Mass Flow Rate
Resultant Error
3-D Probe S - Probe Angle 3D vs. S
(kg/s) (kg/s) (degrees) (%)
Radial Inlet, trial 1 4.789 5.145 4.681 -7.162
Radial Inlet, trial 2 4.566 4.901 6.765 -7.337
Radial Inlet, trial 3 4.561 4.845 5.704 -6.227
Tangential Inlet 4.445 5.639 32.089 -23.499
Table 10: 3D-Probe to S-Probe Results at Port 5
There are two ways to determine what constitutes a high secondary flow
and these are listed below:
• Resultant angle> 20 degrees
• Ratio of average secondary flow to average axial flow> 15%.
Under these criteria, the radial inlet produces low secondary flows, and the
resultant angle is 4.681 degrees and the ratio of secondary velocities is on the
order of 4%. For these conditions, the S-Probe read 7.162% higher than the 30-
Probe. This error increased dramatically when the tangential inlet was used.
The tangential inlet produces a large amount of swirl or tangential velocity, with
the resultant angle being well above 20 degrees, and the secondary components
being 35.881 % of the average axial velocity. The error in this case was
23.499%. Results show that the S-Probe fails to measure accurately even in the
presence of relatively small secondary velocities. The accuracy of the S-Probe
decreases as the secondary velocities increase.
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,__ , TEST 2: EFFECTS OF YAW ANGLE ON S-PROBE PERFORMANCE
The procedure for properly orienting the S-Probe with the direction of the
flow is not described clearly in the regulations [10]. It is therefore, likely that
there are times when the probe is used improperly. For example, the probe may
be aligned axially throughout the traverse without consideration of the yaw angle.
In the next series of tests, an investigation was made to determine the amount of
error incurred through improper use of the probe. Proper use of the probe is
described in the section titled S-Probe in Chapter 2.
The tests were performed using the tangential inlet where large
secondary velocity components were produced. Measurements were taken 6.33
(port 2) and 18 (port 5) diameters downstream from the inlet. The Reynolcjs
Number averaged approximately 7 x 105 • Eight point traverses across the
diameter were made with the probe.
The velocity profiles for ports 2 and 5 are shown in Figures 28 and 29
respectively. Here, the three different traverses are shown; 1.) S-Probe with
yaw, 2.) S-Probe without yaw, and 3.) 3D-Probe with yaw and pitch. Which
technique is best for using the S-Probe is not quite clear. For the results from
port 2, it would seem that properly aligning the S-Probe helps the S-Probe
accuracy. In port 5, accounting for the yaw angle does not seem to have
significant effect. In Table 11 are the calculated results that will quantify the
velocity profiles.
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Mass Flow Rate Error
Tangential S - Probe S" Probe Resultant S vs. 3D S vs. 3D
Inlet 3-D Probe (with yaw) (without yaw) Angle (with yaw) (without yaw)
(kg/s) (kg/s) (kg/s) (degrees) (%)
Port 2 4.568 5.218 5.722 37.000 -14.242 -25.276
Port 5 4.445 5.640 5.568 32.089 -27.102 -25.501
Table 11: 3D-Probe to S-Probe Results at Ports 2 & 5
(S-Probe with and without yaw angle)
TEST 3: EFFECTS OF FLOW PATIERNS ON S-PROBE PERFORMANCE
When large secondary flows exist, the accuracy of the S-Probe
decreases. If these secondary flows can be reduced, the S-Probe may yield
acceptable results. A flow straightener was introduced into the flow loop with the
intent to accomplish this. The next set of tests will study the effects of the
different flow patterns on the accuracy of the S-Probe.
The tangential inlet, which produces a high amount of swirl was used in
conjunction with the flow straightener. As in the previous testing with the S-
Probe, the data were collected at a location 18 diameters downstream from the
inlet (at port 5). The Reynolds Number averaged approximately 7 x 10 5 . Eight
point traverses across the diameter were made.
The velocity profiles for the traverses are located in Figure 30. Each
graph contains the three follOWing profiles:
1. S-Probe without flow straightener
2. S-Probe with flow straightener
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3. 3D-Probe with flow straightener.
4. 3D-Probe without flow straightener
It is evident that the flow straightener significantly reduces the error in the mass
flow rate measurement as the result of reducing the secondary flow components.
The observations are quantified in Table 12.
This table shows the effects of the flow straightener on the mass flow rate
measurement. When the flow straightener was introduced into the flow, the
resultant angle was reduced to 4.702 degrees from 32.089 degrees. The flow
straightener altered the flow by reducing secondary flows to achieve an
acceptable traverse. The error between the 3D and S probes was reduced from
23.681 % without the flow straightener to 5.191 % with the flow straightener.
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Mass Flow Rate
Resultant Error
Tangential Inlet 3-D Probe S - Probe Angle S VS. 3D
(kg/s) (kg/s) (degrees) (%)
Without Flow Straightener 4.445 5.639 32.089 -23.681
With Flow Straightener 4.184 4.407 4.702 -5.191
Table 12: 3D-Probe to S-Probe Results at Port 5
(with and without Flow Straightener)
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Chapter 7
SUMMARY AND CONCLUSIONS
The 1990 Amendments to the Clean Air Act require that the mass flow
rate of the flue gases be measured in the exhaust stacks of power plants. The
S-Probe is the standard measuring device that all other mass flow rate monitors
are compared with. It was therefore, necessary to determine the measurement
accuracy of this probe.
It was determined that there are both favorable and unfavorable
conditions that exist in the stack for accurate S-Probe measurements. Large
secondary flows that exist with a tangential inlet to the stack decrease the
accuracy of the S-Probe significantly. However, when a flow straightener was
introduced into the stack, secondary components of velocities were greatly
reduced and the accuracy of the S-Probe increased.
The performance of the S-Probe was compared to that of the 3D-Probe.
The accuracy of the mass flow rate measurement is greatly enhanced by a
i probe capable of measuring all three components of velocity. Laboratory tests
were performed with flows with high and low secondary velocity components
found when tangential and radial inlets are used respectively.
The following conclusions are for the tests performed in chapters 5 and 6.
EFFECT OF FLOW STRAIGHTENER ON VELOCITY PROFILES (Ch. 5)
Test 1: Vortab's Ability to Reduce High Secondary Flow Components
High secondary velocity components are representative of the flow in a
circular duct when a tangential inlet is used. A flow straightener was used to
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reduce these velocity components so that they would not interfere with the axial
velocity measurement. The Vortab successfully reduced the secondary flows.
The ratio of average tangential velocity to the average axial velocity was reduced
from 57.4% to 0.8% with the Vortab. Likewise, the ratio of average radial
velocity to the average axial velocity was reduced from 18.2% to 5.8%.
Test 2: Effects of Vortab on Velocity Profiles for Low Secondary Flows
Low secondary velocity components exist when the radial inlet is used.
When the Vortab was inserted into the test section, the average radial velocity
did not change. The average tangential velocity was reduced from 6.1 % to 1.5%
of the average axial velocity. The average resultant angle was reduced from 4.9
to 3.4 degrees. The Vortab also changed the shape of the axial velocity profiles.
TESTING WITH S-PROBE (Ch. 6)
Test 1: The Performance of the S-Probe Compared to the 3D-Probe
The S-Probe overestimates the mass flow rate compared to that of the
3D-Probe. Although more testing would be necessary to develop a correlation
between the amount that secondary flow affects the accuracy of the S-Probe,
there is evidence that the higher the secondary flows are, the less accurate this
probe is. When resultant angles are less than 10 degrees, the mass flow rate
was on average overestimated by 6%. When the resultant angles were in the 30
- 40 degree range, the average error was 21 %.
Test 2: Effects of Yaw Angle on S-Probe Performance
When used properly, the S-Probe overestimates the mass flow rate
compared to the 3D-Probe between 5% to 25%. If the S-Probe is improperly
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used, the mass flow rate may be measured even more inaccurately. The
results, however are inconclusive. At port 2, the error in mass flow rate
compared to the 3D-Probe was increased from 14% to 25% when the probe is
improperly used. However, at port 5, the error in mass flow rate decreased
slightly from 27% to 25%.
Test 3: Effects of Flow Patterns on S-Probe Performance
The introduction of the Vortab into the flow loop proves to increase the
accuracy of the S-Probe. Since the secondary flows are significantly reduced as
well as the resultant angle, the S-Probe can sense the axial flow component with
less interference from the yaw and pitch angle. The error in mass flow rate
between the S-Probe and the 3D-Probe was reduced from 23.6% to 5.2% with
the addition of the Vortab.
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Chapter 8
RECOMMENDATIONS
The investigation made here was limited by the equipment available in the
laboratory facility. The inlet configurations were limited to a tangential and radial
inlet. However, several different inlet configurations exist today in power plants.
The probes available were the S-Probe and the 3D-Probe, however, there are
also acoustic anemometers, Kiel-Probes, etc. There are many other flow
straighteners available other than the Vortab used in this investigation. For
further investigation, it is recommended that other typical inlet configurations,
probes, and flow straighteners be used for study.
It is important to compare actlJal velocity profiles obtained from power
plant stacks to the results in the laboratory model to verify that flow similarity
indeed exists. It is recommended that this comparison be made with the results
presented here.
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